f Novel decontamination technologies, including cold low-pressure plasma and blue light (400 nm), are promising alternatives to conventional surface decontamination methods. However, the standardization of the assessment of such sterilization processes remains to be accomplished. Bacterial endospores of the genera Bacillus and Geobacillus are frequently used as biological indicators (BIs) of sterility. Ensuring standardized and reproducible BIs for reliable testing procedures is a significant problem in industrial settings. In this study, an electrically driven spray deposition device was developed, allowing fast, reproducible, and homogeneous preparation of Bacillus subtilis 168 spore monolayers on glass surfaces. A detailed description of the structural design as well as the operating principle of the spraying device is given. The reproducible formation of spore monolayers of up to 5 ؋ 10 7 spores per sample was verified by scanning electron microscopy. Surface inactivation studies revealed that monolayered spores were inactivated by UV-C (254 nm), low-pressure argon plasma (500 W, 10 Pa, 100 standard cubic cm per min), and blue light (400 nm) significantly faster than multilayered spores were. We have thus succeeded in the uniform preparation of reproducible, highly concentrated spore monolayers with the potential to generate BIs for a variety of nonpenetrating surface decontamination techniques.
M
icrobial contamination on surfaces is a recurring problem within health, pharmaceutical, and food industry sectors (1, 2, 3) . Thus, decontamination is a crucial step to ensure the sterility of food processing equipment, minimize spread of pathogens, and prevent the transmission of nosocomial infections (4) . Common decontamination and disinfection procedures that are widely used for microbial inactivation include high temperatures, chemicals, or ionizing radiation (reviewed in reference 5). In order to ensure the efficiency and to validate the continuous functionality of a disinfection or sterilization procedure, biological testing standards are required. Bacterial spores are frequently used as a biological indicator (BI) of sterility, primarily because bacterial spores exhibit elevated resistance to chemical and physical methods of sterilization (6) (7) (8) (9) (10) (11) . Hence, a process that achieves full spore inactivation ensures complete elimination of other contaminating microorganisms.
Variations in the performance of a BI have been reported repeatedly (12, 13) . Besides variations in the intrinsic resistance properties of the microorganisms conferred, for instance, by variations in genetic traits or alteration of sporulation conditions (14) , extrinsic factors also may affect the performance of BIs and, subsequently, the accurate determination of spore resistance and inactivation. For example, the sterilization results may be altered by poor choices of the carrier material for spore deposition (13, 15) and, in particular, the BI manufacturing procedure (16) . The method by which spores are mounted on carriers also is extremely important, as inconsistencies in the procedure affect the homogeneity of spore deposition. In particular, the presence of spore clusters and/or layers is likely to influence the sterilization results, as shielded spores can exhibit increased resistance to some treatments (15, 17) . Therefore, adequate control procedures when manufacturing BIs are essential, and key factors that affect the BI manufacturing are the standardized BI design and a reproducible spore deposition technique (10) .
Emerging methods for improved surface decontamination of food packaging, medical instruments, and military equipment (1, 2, 18) include cold low-pressure plasma and blue light. Photoinactivation of vegetative cells and spores using visible light, specifically short-wave blue light, has become an area of increasing research interest (19) . Advantages of this particular light-based inactivation, in contrast to inactivation by UV-C or ionizing radiation, include improved safety due to lower photon energy and reduced photodegradation of materials (20) . Photodynamic inactivation is an oxygen-dependent mechanism based on the photo-excitation of microbial porphyrin molecules which act as endogenous photosensitizers. Excited porphyrin molecules can react with oxygen and transfer energy, resulting in the generation of a variety of cytotoxic oxygen species, predominately singlet oxygen and hydroxyl radicals (21) . An accumulation of induced oxidative damage ultimately leads to cell death.
The use of low-pressure plasma discharges is a state-of-the-art procedure that enables the sterilization of innovative heat-sensitive materials, equipment prone to corrosion, and complex electronic instruments. A combination of highly reactive species (ions, free electrons, radicals, neutral/excited atoms, or molecules) with UV and vacuum UV (VUV) photons at different wavelengths leads to rapid microbial inactivation by interacting with essential cell components (22, 23) . UV and VUV photons in particular have been shown to have a major role in the reduction of spore survival by plasma (24, 25) . However, research to standardize the cold plasma sterilization process in order to eliminate ambiguous sterilization outcomes still is needed (26) .
In this report, an electrically operated spray deposition device is described that allows for the reproducible and homogeneous deposition of Bacillus subtilis spore monolayers onto glass surfaces. A detailed description of the structural design of the spray deposition device is provided, including the various components as well as the operating principles. The performance of prepared monolayered spore samples was tested by four decontamination methods, namely, those employing X rays, UV-C radiation at 254 nm, blue light, and low-pressure argon plasma, and compared to the treatment of multilayered spore samples.
MATERIALS AND METHODS
Spore production and purification. Bacillus subtilis trpC2 strain 168 (DSM 402) was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and routinely cultivated on Luria-Bertani (LB) agar plates. Spores were prepared by cultivation in double-strength liquid Schaeffer sporulation medium (27) with vigorous aeration at 37°C for 72 h. Harvested spores were purified by repeated washing steps using sterile water followed by lysozyme and DNase I treatment for the removal of remaining vegetative cells. After a heat inactivation step at 80°C for 10 min to inactivate any remaining vegetative cells or germinated spores, the spores were repeatedly washed with sterile water and checked for purity by phase-contrast microscopy. Spore preparations were free (Ͼ99%) of vegetative cells, germinated spores, and cell debris. Spores were stored at 4°C until tested.
Machine setup of the electrically operated spray deposition device. For homogenous aerosol deposition of B. subtilis spores, an electrically operated aerosol deposition unit was developed consisting of a mounting station and three main electric components (Fig. 1A) . A high-precision two-substance nozzle with a solenoid valve (230 V, 50 Hz; model 970-8; Schlick, Untersiemau, Germany) (Fig. 1B) equipped with a standard air cap allows for uniform dispersion of B. subtilis spores on sample carriers. The nozzle comprises two inlets, one for the pressurized carrier gas and one for the liquid sample. Oil-free pressurized N 2 functions as a propel- lant gas, preventing unwanted impurities and oxidative reactions. The gas supply is regulated by a pressure gauge and power-driven 3/2 magnetic valve (DO35, 230 A/C; Bosch-Rexroth, Munich, Germany) between the gas supply and the nozzle air inlet. Liquid throughput is regulated by gas pressure, cap position, and synchronized nozzle opening time. The simultaneous opening of the nozzle and the magnetic valve for the N 2 supply is determined by a 220-V A/C microprocessor-based quartz counter (550-2-C timer; Gefran, Seligenstadt, Germany). A model circuit diagram is displayed in Fig. 1C . The electrical opening of the magnetic valve controlling N 2 flow to the nozzle and the electrical opening of the nozzle liquid inlet are synchronized. The N 2 flow allows dispersion of the injected liquid sample supply through the nozzle outlet. A faceplate 3-digit display allows software configuration of instrument type, output function, operation mode, and nozzle opening time. In cyclical double operation mode, timing for opening and closing both valves is adjustable. Time intervals between cyclic operations can be selected and allow fast and serial processing of sample preparation. The continuously variable air cap of the nozzle allows an adjustable spray radius. The nozzle head and the designated sample carrier are enclosed in a particle deposition cabinet to prevent environmental aerosol dispersion.
Preparation of aerosol-deposited spores. For spray deposition, B. subtilis spores were suspended at variable concentrations in sterile Millipore water (conductivity of 0.056 S/cm). One milliliter was transferred to the filling chamber connected to the nozzle fluid inlet. Commercially available sterilized microscopic slides (VWR, Germany) served as the sample carrier, with each slide representing one experimental sample. The clean sample carrier was placed inside the aerosol-tight dispersion cabinet and positioned in alignment with the nozzle at a distance of 15 cm along surface-engraved grid axes on the removable cabinet unit. The spraying process was initiated. The sprayed spore suspension forms a thin film on the microscopic slide that dries rapidly within seconds. The parameters found to be ideal for aerosol deposition of B. subtilis spores include (i) N 2 flow with a pressure of 2.0 ϫ 10 5 Pa, (ii) a nozzle opening setting of 2 for a spray radius matching the sample carrier size, (iii) a software configuration of the quartz counter to level 0, type 2 (cyclic timer), output function 3 (synchronized relays), and logic for digital input 0 (active in closing), (iv) a nozzle opening time of 0.1 s, and (v) a distance from the nozzle to the sample carrier of 15 cm. The loaded sample carrier was removed from the cabinet and left to air dry completely. The final load of spores on a sample carrier after one spray volume was either 10 6 , 10 7 , or 5 ϫ 10 7 depending on the initial spore concentration and machine settings. To evaluate whether repeated spray deposition on a sample carrier influences spore distribution, 5 spray volumes with 5 ϫ 10 7 spores each were applied. For cleaning, the nozzle was rinsed with sterile distilled water, immersed in an ultrasonic bath for 15 min, and then autoclaved. For each experimental sample, 3 replicates were prepared.
Preparation of liquid-deposited spores. A common method for BI sample preparation is the deposition of B. subtilis spores suspended in water by spot inoculation. To compare the effects of the sample preparation method on spore sensitivity to various decontamination treatments, spores also were applied to carriers by liquid deposition. In this work, 50 l of a suspension containing 5 ϫ 10 7 B. subtilis spores in sterile Millipore water was deposited on circular histological glass object slides (VWR, Germany) and dried overnight at room temperature. For each experimental sample 3 replicates were prepared.
SEM analysis. The distribution of spores applied to carriers as a spray or in liquid was determined using scanning electron microscopy (SEM). Two independent samples each of liquid-or spray-applied spores were used for the analysis. To ensure conductance of spores on glass slides, samples were fixed on substrate holders and then coated with gold with the JEOL JFC-1200 fine coater. The chamber of the fine coater was evacuated below 2 Pa, flushed with Argon up to 80 Pa, and pumped to 7 Pa again to ensure a sufficient clean argon atmosphere before coating the samples for 40 s. After venting, the samples were placed in the SEM chamber and analyzed by SEM (JSM 6510; JEOL, Eching, Germany). Electrons were accelerated with a voltage of 10 keV, and images were recorded at magnifications of 300 and 3,000.
Live-cell imaging. Spores (10 7 ) were applied to a 35-mm-diameter imaging dish with an ibidi standard bottom (ibidi GmbH, Germany) via spray deposition as described above and air dried in ambient air. Spores were covered with a thin (1-mm) layer of 2% LB-agarose (VWR, Germany) and imaged at 37°C in a temperature-controlled incubation system by phase-contrast microscopy (TE2000-E Eclipse, 100ϫ Ph3; LM Nikon). Images were captured with intervals of 5 s for a total of 4 h. To check for an even distribution of the spores sprayed on the plastic surface of ibidi -dishes, samples were sputter-coated with 2 nm of gold-palladium and analyzed by SEM (Leo 1530; Carl Zeiss Microscopy, Germany). Images were recorded with the in-lens secondary electron detector at 3 kV and a working distance of about 4 mm.
Assay of spore resistance to germicidal 254-nm UV and ionizing radiation. Spray-and liquid-applied spores were subjected in triplicate to monochromatic UV-C radiation emitted by a mercury low-pressure lamp with a major emission line at 254 nm (NN 8/15; Heraeus, Germany). The fluence (0.7 J · m Ϫ2 · s Ϫ1 ) was measured by a UV-X radiometer fitted with the appropriate calibrated probe at 254 nm (UVP, United Kingdom), and the exposure time for the indicated UV doses was calculated. UV-C irradiation was carried out at room temperature as previously described in reference 28. Spray-and liquid-applied samples were exposed in triplicate to ionizing radiation (200 keV, 15 mA) generated by an X-ray tube (RS225; Gulmay, United Kingdom [now X-Strahl, Surrey, United Kingdom]) at room temperature as described previously in reference 29. The dosimeter UNIDOSwebline with the ionizing chamber TM30013 (PTW, Freiburg, Germany) was used for calculating dose and dose rate. The distance of the samples from the X-ray source was set at 30 cm to provide a constant dose rate of 12.2 Gy/min.
Assay of spore resistance to low-pressure plasma. Low-pressure plasma treatment of spore samples was carried out at the Institute for Electrical Engineering and Plasma Technology (AEPT), Ruhr University Bochum, Bochum, Germany. A double inductively coupled low-pressure plasma (DICP) source (see Fig. S1 in the supplemental material) (30, 31) was used in this study. The stainless steel cylinder of the DICP vessel is enclosed by two quartz glass plates with enclosed copper coils at the top and bottom, which couple a maximum power of 5 kW at 13.56 MHz to the discharge. A matchbox splits the power equally to both coils. A roots pump achieves a pressure of 2 to 50 Pa with a gas flow of 100 sccm (standard cubic centimeters per minute) argon. Additionally, if the system is not operated, a turbo pump is used for evacuating the system below 5 ϫ 10 Ϫ4 Pa for maintaining the cleanliness of the system. The plasma discharge is homogeneous over nearly the entire vessel (30) . Several flanges in the vessel allow different optical and electrical analytical devices to be coupled to the vessel for plasma diagnostics. Samples were placed in the center of the discharge at the same level as the diagnostic devices and exposed to low-pressure argon plasma discharges (total gas flow of 100 sccm, pressure of 10 Pa, radio frequency power of 500 W). Under these conditions, the total UV flux from 130 to 400 nm amounts to 0.74 J · m Ϫ2 · s Ϫ1 . In addition, argon line emission in the VUV spectra is at 104.8 nm and 106.7 nm. For each of the performed treatments, three replicates of spray-and liquid-applied samples, respectively, were irradiated simultaneously per dose. Nontreated samples served as a control and were handled equally, excluding plasma treatment. The controls of plasma-treated samples were subjected to 90 s of vacuum (10 Pa) to account for any vacuum-induced spore inactivation.
Assay of spore resistance to blue light radiation. High-intensity blue light was provided by an LED Flood array (Henkel-Loctite, Hemel Hempstead, United Kingdom). This array utilizes 144 reflectorized LEDs, which produce a homogeneous illuminated area of 10 cm by 10 cm. At a distance of 15.5 cm from the target surface, the array produces a uniform light irradiance of 600 J · m Ϫ2 · s Ϫ1 , measured using a PM100D radiant power meter (Thorlabs, Newton, NJ). The fluence rate was calculated accordingly. The emission spectrum of the LED array was determined using a QEB0797 spectrophotometer (Ocean Optics, Dunedin, FL); the emission spectrum peaks at 400 nm, with a full-width half-maximum value of Ϯ8.5 nm. Triplicate spray and liquid-inoculated samples were exposed to highintensity blue light, while nontreated control samples were placed under the lamp wrapped in aluminum foil to account for the heating effect during the treatment.
Recovery and evaluation of spore survival. After treatment, spore samples on the carriers were covered with sterile 10% aqueous polyvinyl acetate solution (PVA) and air dried. The dried layer subsequently was removed aseptically, transferred to an Eppendorf tube, and dissolved in 1 ml of sterile water. This procedure leads to Ͼ95% recovery of spores and does not affect viability (32) . Spore inactivation rates were determined by a standard colony formation assay in which spores were serially diluted in sterile distilled water and plated on nutrient broth agar plates. After overnight incubation at 37°C, CFU numbers were determined as described previously (32, 33) .
Numerical and statistical analysis. Spore survival was determined from the quotient N/N 0 , where N is the average CFU of treated samples and N 0 is the average CFU of untreated controls. Spore inactivation is expressed as the lethal dose at which 90% of the treated spore population is inactivated (LD 90 ) and was plotted as a function of fluence (UV-C and blue light, in joules per square meter), dose (X-ray irradiation, in grays), or time (argon plasma treatment, in seconds). All data are expressed as averages Ϯ standard deviations (n ϭ 3). The slope of semilogarithmic survival curves (IC) was determined for each treatment. Significance differences in the survival rates were calculated by single-factor analysis of variance (ANOVA). Differences with P values of Ͻ0.05 were considered statistically significant (33, 34) .
RESULTS

Evaluation of the spatial distribution of spores on surfaces.
An obvious question that arises when spores are deposited on a surface to prepare a BI is what is the exact distribution of spores on the surface. Are the spores in a dispersed monolayer or in clumps, or are they piled on top of one another in multilayered structures? The latter arrangement is extremely important to identify, as spores in lower layers of a multilayered arrangement likely would be shielded from damaging effects of agents, such as photons of various wavelengths of light. To address this issue, SEM imaging was performed to determine the deposition patterns given by spray and liquid application methods. SEM imaging of samples applied by liquid deposition of 5 ϫ 10 7 spores revealed an increased abundance of spores at the rim of the deposited liquid droplet leading to significant numbers of overlapping spores ( Fig.  2A) . In contrast, depositing various concentrations of spores by spray application produced almost exclusively a spore monolayer on a 25-by 75-mm area of a glass slide (Fig. 2B to D) . Spray deposition of 10 6 spores reproducibly showed an even distribution of spores across the sample carrier (Fig. 2B) . Spray deposition of 10 7 spores also exhibited an even dispersal with some small spore clusters, but spores still do not appear stacked (Fig. 2C) . SEM imaging of up to 5 ϫ 10 7 spores revealed a spore monolayer with increased cluster formation (Fig. 2D) . In addition, a closer look at the latter cluster formations revealed that even at this high sample load the spores did not overlap but accumulated only in a monolayer. This monolayer of spray-deposited spores was in contrast to the multilayered pattern of liquid-deposited spores.
In contrast to the results noted above with spores deposited with a single spraying, with repeated spraying of large amounts with Ն10
8 spores added per sample carrier, the spores did start to overlap due to the increased density (see Fig. S2 in the supplemental material). However, if higher monolayered sample loads are required in specific applications, then larger sample carriers, repeated sprays in close proximity, or subsequent sample pooling may be used to accomplish this with no increase in multilayered spores.
Live-cell imaging. To evaluate whether B. subtilis spores remain viable after the spraying procedure, spores were deposited on the plastic surface of ibidi -dishes and covered with a layer of LB-agarose, which induces germination. As found with spores deposited on glass, SEM imaging of spores deposited by spray deposition on the ibidi -dishes indicated an even distribution of spores in monolayers with marginal cluster formation (see Fig. S3 in the supplemental material). Importantly, sprayed monolayered spores germinated uniformly and proceeded to outgrowth and subsequent vegetative growth (see Movie S1).
Spore inactivation by ionizing radiation (X rays), UV-C radiation, low-pressure argon plasma, and blue light radiation. Given the differences seen between spore deposition on carriers by liquid and spray application, it was of obvious interest to compare the resistance of spores that had been applied by these two procedures. Mono-and multilayered spores deposited on sterile glass slides by spray and liquid deposition, respectively, were exposed to X rays, monochromatic UV-C irradiation at 254 nm, low-pressure argon plasma discharge, and blue light at 400 nm. Spore survival was assessed at various doses (X rays), fluences (UV-C and blue light), or time points (argon plasma) (Fig. 3) , and LD 90 values were calculated from plotted inactivation curves (Table 1) .
Liquid-and spray-deposited spores treated with X rays showed comparable dose-dependent decreases in survival (Fig. 3A) . No significant differences in survival rates were found between spore populations prepared by spray deposition and spore populations prepared by liquid deposition (the P value was 0.17). In contrast to the results with X rays, spray-deposited spore monolayers were inactivated ϳ4-fold faster by monochromatic UV-C radiation (P Ͻ 0.05) than liquid-deposited spores (Fig. 3B) . Similar findings were obtained for these spores deposited by these two procedures and exposed to low-pressure argon plasma. Here, monolayered spray-deposited spores were killed ϳ8-fold faster (P Ͻ 0.01) than multilayered spores deposited in liquid (Fig. 3C) . Control samples did not reveal vacuum-induced spore inactivation. Likewise, deposited monolayers of spores were inactivated significantly faster by visible short-wave light in the blue wavelength range (P Ͻ 0.05) than multilayered spores (Fig. 3D) . Treated samples exposed only to the elevated temperature produced during blue light treatment showed no significant decrease in survival (data not shown).
Clearly, there were significant differences in rates of inactivation of spores deposited by spray and liquid with 3 of the 4 inactivating agents tested (Fig. 3B to D) . These results show that the method of spore deposition and the resulting spore distribution pattern have large effects on spore survivability in an experimental setup for evaluating UV-C-, plasma-, and blue light-mediated inactivation. In addition, there were quite notable differences in the standard deviations of the calculated inactivation rates (LD 90 and IC) of spray-and liquid-deposited spores after UV-C and plasma treatment ( Table 1 ), indicating that the preparation of samples by spray deposition led to noticeably more consistent and reliable results with lower variance.
DISCUSSION
BIs are routinely employed in the pharmaceutical, food, and medical industries to monitor the efficiency of a variety of sterilization processes. A major problem in decontamination studies assessing spore survival is the lack of reproducible and standardized experimental parameters for BI production and performance (15, 35, 36) . Commonly, spore survival is assessed in the dry state, and dry spore samples frequently are prepared by liquid spot inoculation. Spore aggregation results from fluid evaporating from a solid surface leading to a stacked deposition of the spores, especially at the edges of the drop, in a ring-like fashion, sometimes referred to as the coffee ring effect (37) . This accumulation of spore multilayers shields the spores in lower layers against nonpenetrating surface disinfectant treatments by the upper spore layers. Other factors hampering the reliability of surface inactivation studies are frequently used agar and filter surfaces containing microscopic irregularities, such as pits and fissures, which may shield deposited spores from the incident treatment and can significantly affect the measured spore viability (15) . This leads to an apparent reduction in the efficiency of the treatment and an artificial overestimation of spore resistance. To counteract these issues, we have developed an electrically operated device for reproducible spray deposition of B. subtilis spores that ensures a uniform sample preparation process and produces reproducible, homogeneous samples of highly concentrated spore monolayers.
When subjecting mono-and multilayered B. subtilis spore samples to different surface decontamination methods, striking differences in spore inactivation efficiency were observed, as monolayered spores were inactivated significantly faster by UV-C radiation at 254 nm (P Ͻ 0.05), low-pressure argon plasma (P Ͻ 0.01), and blue light at 400 nm (P Ͻ 0.05) than multilayered spores. As UV-C is a common disinfecting agent with limited penetration depth (38) , the reliable and reproducible assessment of the decontamination efficacy is dependent on the use of monolayered samples (15, 17, 36) . Indeed, spore clumping and multilayered spore aggregates significantly reduce penetration of UV radiation at 254 nm to underlying spores (15) . Thus, with a bacterial spore of 1 m in diameter that shields an underlying spore, only 61% of the incident beam is transmitted. Assuming two spores shield a third, only 37% of the incident beam would reach the underlying spore (39) . Hence, even minor accumulations of spores in multilayers can dramatically affect the decontamination by nonpenetrating agents. In contrast, mono-and multilayered spore populations showed comparable sensitivities when exposed to ionizing radiation, as the penetration capability of X rays with an energy of 200 keV is significantly higher (98.7% of incident intensity is transmitted through 1 mm H 2 O [40] ). Therefore, the greater penetrating power of the X rays makes shielding by one or more spore layers minimal. As UV and VUV are major factors in spore inactivation mediated by low-pressure argon plasma, the impact on spore viability of mono-and multilayered spore populations is similar to that with UV-C radiation alone, and lowpressure argon plasma discharges emit photons mainly at wavelengths of 104.8 and 106.7 nm (41). Additionally, impurities in the chamber for plasma generation (N 2 , O 2 , and H 2 O from samples and residual gas after ventilation of the chamber for sample insertion) radiate in the bactericidal range from 120 nm to 380 nm and produce radicals in the form of atomic oxygen and nitrogen, nitric oxide, and hydroxyl radicals. In the field of cold plasma for decontamination purposes, work is still needed to standardize the sterilization process and develop a suitable BI for sterilization assurance (26) , which is an absolute requirement for plasma sterilization devices to be adopted in industrial settings. Relative changes within the concentrations of the active species present in a plasma discharge greatly depend on the gas composition, the device setup, and associated operation settings (such as pressure, power source, or matching conditions). Hence, a highly reproducible and quality-controlled BI for the evaluation of plasma sterilization efficiency is crucial for this process to be widely implemented.
The photodynamic inactivation mechanism of short-wave visible light in the blue wavelength range is thought not to be caused by DNA damage but rather by oxidative lesions due to excited endogenous photosensitizers (19) (20) (21) . However, the vast majority of this work has been performed on vegetative bacteria, and the detailed mechanism of spore killing remains to be investigated. Based on our results, a defined BI with homogeneous single-spore layers is required for the accurate determination of spore resistance and inactivation by blue light at 400 nm.
In recent years, various methods have been developed in order to generate reproducible spore monolayers (42) (43) (44) . However, the lack of detail concerning the individual instruments installed in the particular setup or the precise operating principle (42, 43) , as well as elaborate and costly technology (44) , makes it difficult to recreate the reported spraying devices for sample preparation. In this study, we present a method for easy sample preparation by spray deposition, which was successfully employed for the production of homogeneous B. subtilis spore monolayers. The instrument setup is inexpensive and its operation is simple and requires minimal effort, but at the same time it offers defined operating conditions. The automated but tunable procedure enables the operator to adapt the spraying process to the actual sample condition or carrier size, for example, by increasing or decreasing the spraying radius, deposition time, or pressure. Compared to common sample preparation methods, such as spot deposition, this new instrument offers a more reliable assessment of sterilization efficiency with extensive application to diverse traditional and innovative decontamination methods, with particular focus on nonpenetrating surface agents.
This study also has demonstrated the application of monolayered spores deposited by spray application for studying the cellular dynamics of spore germination and outgrowth with time-lapse microscopy. Thus, the spraying device proved suitable for reproducibly preparing live-cell monolayers, enabling the time-resolved investigation of highly dynamic events in single organisms. As a consequence, the application of this new device may not be limited to bacterial spores but also may include the reproducible and homogeneous distribution of vegetative cells and a broad range of biomolecules and nanoparticles on surfaces for a variety of studies on single cells or particles.
